During the last 2 decades, modifying the shape of the cornea by means of laser photoablation has emerged as a successful and popular treatment option for refractive errors. Corneal surface ablation techniques such as photorefractive keratectomy (PRK) and laser-assisted subepithelial keratomileusis (LASEK) offer good refractive results while having a minimal impact on corneal biomechanical stability. Past limitations of these techniques included the long-term regression of refractive outcome and a vigorous healing response that reduced corneal clarity in some patients (giving rise to what is clinically described as ''haze''). Mitomycin C (MMC) was introduced as a healing modulator and applied on the corneal surface after refractive surgery to address these drawbacks. This article critically reviews the available evidence on the biological effects, safety, and clinical benefits of the off-label use of MMC in corneal refractive surgery.
INTRODUCTION
Refractive errors, or ametropias, represent the most common visual problems affecting millions worldwide [1] [2] [3] . As refractive procedures have become safer, more refined and more affordable over time, their number has dramatically increased. Indeed, it has been argued that refractive surgery may represent the most cost-effective option for refractive correction [4] .
Modern refractive surgery entails different techniques of ametropia correction. Corneal refractive procedures alter the refractive power of the eye by modifying the shape of the cornea, typically by means of an excimer laser [5] . In doing so, excimer lasers ablate thin segments of the cornea without inducing thermal effects and eventually alter its shape [5] . Excimer laser refractive surgery includes two main procedures: laser-assisted in situ keratomileusis (LASIK) in which the excimer laser is applied after a stromal corneal flap is fashioned and lifted [6] , and surface ablation techniques in which the stromal ablation is directly performed after the corneal epithelium is removed or lifted [7] . Photorefractive keratectomy (PRK), a surface ablation technique, was the first excimer laser refractive procedure ever performed [7] . Soon after PRK became popular, laser-assisted subepithelial keratomileusis (LASEK), or advanced surface ablation (ASA), was introduced [8] . In LASEK, an epithelial flap is loosened off the stroma with the help of diluted alcohol and then retracted; next, the corneal stroma is ablated and the epithelial flap is put back in its original place [8] . LASEK has been found to offer some advantages over PRK [8] .
Compared to LASIK, surface ablation procedures offer certain advantages: in addition to avoiding flap-related complications, surface ablations preserve more residual stromal tissue. Consequently, surface ablations are the techniques of choice in thin corneas or corneas with suspicious topographies [9] . The existing evidence suggests that refractive results with PRK, LASIK, or LASEK for the correction of low to moderate myopia are comparable [10] [11] [12] .
A key concern with surface ablation procedures remains the development of postoperative corneal haze, i.e., decreased subepithelial corneal transparency related to aberrant epithelial and stromal wound healing processes [13, 14] . It is well documented that in all patients soon after PRK or LASEK is performed, a corneal epithelial response is triggered [14] [15] [16] . This response initially consists of an increase in epithelial cell surface area in an effort to cover the surgically induced epithelial defect. This is then followed by epithelial cell proliferation, migration, differentiation, and hemidesmosome formation [16] . In parallel with the epithelial wound healing process, a cascade of stromal events is initiated by the cytokines released by the epithelial insult. This biological cascade involves keratocyte apoptosis followed by proliferation, migration, and fibroblast differentiation along with remodeling of the components of the extracellular matrix (ECM) [17] . After inducing wound contraction, those myofibroblasts normally disappear [18] . Surgery-induced damage to the basement membrane elicits this subepithelial fibrotic response, which is characterized by the production of disorganized stromal ECM by highly reflective activated keratocytes [19] . These tissue changes increase corneal light scattering, thus giving rise to biomicroscopically observable corneal haze [20] . Importantly, although some minor reduction of corneal transparency can be observed in most patients after surface ablation procedures, clinically significant corneal haze is rather uncommon as it has been reported in 2-4% of eyes after refractive surface ablation [21, 22] . In the past, persisting, visually debilitating corneal haze was encountered in approximately 5% of cases after PRK procedures with the earlier generation lasers [23] . Factors known to increase the likelihood or severity of corneal haze include magnitude of corrections, delay of re-epithelization, irregularity of stromal surface, removal of epithelial basement membrane, injury to Bowman's layer, and excessive exposure to ultraviolet (UV-B) radiation [21, 22, 24] . Although more evidence is still required to characterize differences in the degree of haze induced by LASEK versus PRK, it seems that there are no clinically important differences between these two procedures in terms or postoperative risk of haze development [10] . Postoperative corneal haze usually manifests between the first and sixth month following the procedure and usually decreases gradually thereafter [13] . Two types with different temporal characteristics and prognosis can be distinguished: ''early'' corneal haze that usually begins within 1 week and 3 months postoperatively and regresses thereafter, and ''late'' corneal haze that tends to appear between 4 and 12 months postoperatively [25] . Late haze is typically more pronounced and more likely to reduce vision than early haze [25] . In the most severe cases, the presence of haze is associated with contrast sensitivity reduction, glare, refractive instability, irregular astigmatism, and decreased best corrected visual acuity [20] .
The current review is based on previously conducted studies and does not contain any studies with human participants or animals performed by any of the authors.
APPROACHES TO CONTROL HAZE
Several treatment strategies have been proposed as a means of reducing the severity and incidence of early-or late-onset corneal haze after surface ablations. Alcohol-assisted epithelial removal [26] has been found to be marginally more effective than mechanical scraping in reducing subjective corneal haze in the early postoperative period, whereas the use of protective eyewear that blocks ultraviolet radiation [24] and the systemic administration of ascorbate [27] have been proposed as measures that might limit late-onset corneal haze. In view of the limited success with these approaches, most efforts have focused on the pharmacological modulation of wound healing, which constitutes the underlying pathophysiological process of corneal haze [20] .
To limit aberrant healing-related processes such as excessive corneal infiltration by inflammatory cells, keratocyte activation, and myofibroblast differentiation, topical steroids (e.g., prednisolone acetate or fluorometholone) have been found effective in preventing or clearing corneal haze while instilled, but this improvement may be reduced after the discontinuation of steroids [28] 34] . Importantly, the introduction of mitomycin C (MMC) in refractive surgery in 1991 [35] has significantly improved clinical outcomes to the extent that its widespread clinical adoption as a prophylactic agent against postoperative corneal haze has led to the revival of interest in surface ablations in the last decade [36] .
INTRODUCTION TO MITOMYCIN C
Mitomycin C is an antibiotic derived from Streptomyces species that was first described in 1956 [37] . The compound exhibits an alkylating action that inhibits cell mitosis by blocking DNA synthesis and has been widely used as a chemotherapeutic agent for non-small cell lung tumors and neoplasias of the bladder, prostate, and other organs [38] .
As cells with a higher mitotic rate are more sensitive to its action, MMC began to be used in ophthalmic surgeries because of its action as a wound-healing modulator. The first report on the utilization of MMC in ophthalmic surgery was in 1963 as an adjunct to pterygium excision [39] . However, its usefulness in ophthalmic procedures became increasingly recognized at the early 1990s with the advent of MMC-augmented trabeculectomy [40] . At approximately the same time, an experimental study with rabbit eyes treated with MMC documented significant reduction of corneal haze after PRK [40] . Next, Carones and co-workers [41] produced convincing evidence for the benefits of the prophylactic use of MMC for the prevention of haze in human eyes undergoing PRK.
CHEMISTRY
Mitomycin C belongs to a class of antitumor antibiotics, the mitomycins. The compound is a methylazirinopyrroloindoledione (C 15 H 18 N 4 O 5 ) ( Fig. 1 ) with a molecular weight of 334 Da that is soluble in water and other organic solvents. It is isolated from the bacterium Streptomyces caespitosus and other Streptomyces bacterial species, and is commercially available as a powder made up of blueviolet crystals, that remains stable for at least 4 years at room temperature [42] . In its oxidized form MMC is inactive, so it requires chemical or enzymatic bioreductive activation (e.g., by NADPH cytochrome P450 reductase, NADPH cytochrome C reductase, DT-diaphorase, xanthine oxidase, or transhydrogenases) to either its semiquinone or hydroquinone form, in order to acquire its alkylating properties [42] .
PHARMACODYNAMICS
The bioreductive (active) form of MMC binds DNA by bifunctional alkylation, preferentially at the guanine N2 position, leading to interstrand DNA cross-links [42, 43] . The cross-linking between the two strands prevents unwinding of DNA and therefore arrests DNA synthesis and cell mitosis [37, 43] , preferentially in the late G1 and S phases of the cell cycle. MMC is also capable of inhibiting both RNA and protein synthesis, mostly in hypoxic conditions [42, 43] .
In addition to its antimitotic effect, in vitro and in vivo studies have conclusively shown that MMC can inhibit the activation of human keratocytes and exhibit non-specific cell toxicity [44, 45] . Both corneal epithelial injury and MMC have been linked to keratocyte loss observed in corneal stroma after ASA [46] . Cell loss by MMC is thought to be mainly due to apoptosis related to the mitochondrial pathway that is mediated by the caspase pathway [47] . However, it is not known as yet if MMCinduced apoptosis occurs only in rapidly proliferating keratocytes or if it can impact inactivated cells as well. This question is clinically relevant because MMC-induced apoptosis of inactive keratocytes could be responsible for long-term adverse effects such as corneal thinning [46] . Cellular death caused by MMC could also be related to other forms of cytotoxicity such as necrosis, since the compound upregulates cytokines and protein kinases [48] , promotes T lymphocyte-mediated cell lysis [49] , increases the levels of reactive oxygen species [50] and tumor necrosis factor [51] , and reduces intracellular glutathione levels [52] . However, these adverse effects are generally encountered at higher MMC concentrations [45] .
It has been shown that MMC has a time-and dose-dependent antiproliferative and cytotoxic effect on human keratocytes, but although both effects run in parallel to each other, they do not seem to occur simultaneously [36, 45] . It has been calculated in vitro that the ID 50 (inhibitory dose 50%) of MMC for human keratocytes is quite different from the LD 50 (lethal dose 50%) [45] . In other words, the dose needed to inhibit cell proliferation is considerably smaller than that required for cell death (ID 50 = 0.0048 mg/mL vs LD 50 = 0.28 mg/mL). It should be emphasized here that the long-term effects of this agent on ocular tissues remain to be fully elucidated in the future, as it is currently unclear whether MMC-affected cells are able to repair the MMC-induced damage, or whether these effects are permanent [53, 54] .
PHARMACOKINETICS AND METABOLISM
Experimental in vivo studies in rabbits have demonstrated that the maximal corneal concentration of MMC after standard topical application (i.e., application of a sponge soaked in 0.02% MMC for 2 min) reaches its peak of 3.728 ± 2.547 lg/g after 30 min and decreases to 0.756 ± 0.437 lg/g at 1 h [55] . It has also been reported that MMC applied on the cornea can be detected in the aqueous humor [55] [56] [57] even with low concentrations (e.g., 0.005%) and short application times (15 s), reaching peak concentration in the anterior chamber of around 0.380 lg/mL 1 h after its administration [55] . Moreover, MMC can be detected in the cornea and aqueous humor for 3 h after corneal application [55] . It should be noted that when MMC is applied during refractive procedures, the permeation of the drug down to the deepest corneal layers and the anterior chamber is facilitated by the absence of an intact epithelium and the thinner residual corneal stroma [55] . The aqueous concentration of MMC after the drug is applied on the corneal surface significantly increases with increasing concentrations, duration of application, and amount of attempted refractive correction [55, 58] . However, the number of apoptotic stromal keratocytes significantly correlates with MMC concentration, but not with application time [55] . It should be noted, however, that as with all surgical procedures, differences in technique might account for differences in outcomes. For example, one could speculate that the pharmacokinetics of MMC when applied on dry corneal stroma (i.e., immediately after the ablation) is different than the pharmacokinetics of the drug when applied on wet corneal stroma (e.g., following the flushing of the photo-ablated stromal bed with balanced salt solution).
It seems that MMC clearance from ocular tissues following topical application is quite rapid, a process possibly augmented by the thorough irrigation that is typically done in ASA [59] . Of note, the half-life of the drug is not affected [59] . This is the reason why some authors believe that a single, brief exposure to MMC during surface ablation is sufficient for the inhibition of keratocyte proliferation, but not sufficient to induce meaningful keratocyte loss [36, 60] . Besides, reducing the exposure time without changing the concentration of MMC can reduce the subsequent penetration of the drug to the anterior chamber, and thus limit the potential toxicity to endothelial cells while still maintaining an appreciable effect on keratocyte apoptosis [55] .
There has been evidence on the systemic absorption of MMC when large doses are used over wide areas of highly vascularized mucosas [61] . Although MMC has a short plasma half-life of approximately 20 min [62] mainly due to its rapid hepatic clearance, adverse effects such as bone marrow suppression, renal and hepatic toxicity have rarely occurred after chemotherapy with large doses of this drug for bladder and peritoneal carcinomas [61] . However, only two published studies to date have reported on the systemic absorption of MMC after topical ocular application; neither its application to the sclera in pterygium surgery [63] nor to the cornea in refractive procedures [64] 
CLINICAL EFFICACY
Topically applied MMC in surface refractive surgery is effective in preventing and treating subepithelial haze [36, 65] . The clinical efficacy of MMC in controlling haze is supported by in vivo confocal microscopy studies [36, 66, 67] . It has been found that activated keratocytes and ECM are less conspicuous in MMC-treated corneas compared to untreated ones [66] . In addition, the application of MMC during surface refractive surgery is accompanied by a temporal redistribution of keratocyte density throughout the corneal stroma [67] . That is, an initial depletion of keratocytes at the anterior stromal layers is compensated by an increase of these cells in deeper layers; this pattern is followed over time by a tendency of the cell density to normalize across the cornea [67] . This observation may suggest that either deeper stromal keratocytes are less affected by MMC or that the population of these cells recovers faster from bone marrow-derived cells compared to keratocytes of the anterior cornea [67, 68] .
Since the first report by Majmudar et al. who demonstrated the usefulness of MMC as a corneal healing modulator in the management of subepithelial scarring after radial keratotomy, or PRK [69] , MMC has become the first-line treatment for established haze. Indeed, even today MMC is still used for the same indication in the dosage used by Majmudar and co-workers, i.e., at a concentration of 0.02% for 2 min over the treated stroma [69] . However, there is convincing evidence that this MMC regimen is far superior in preventing postoperative haze and in removing myofibroblasts when used prophylactically rather than therapeutically [70] . Consequently, nowadays the widespread prophylactic use of MMC with surface ablations has led to the significant reduction in the occurrence and severity of postoperative corneal haze [36, 65, 66] .
Currently, the prophylactic application of topical MMC in refractive surgery has been extended to LASEK [71] and it is particularly being used for patients at risk of developing postoperative corneal haze, or regression, such as cases of surface ablation performed over previous PRK, LASIK, buttonholed or incomplete LASIK flaps, radial keratotomy, or penetrating keratoplasty [72] .
The corneal healing response differs among individuals but there may also exist particular cellular, metabolic, or environmental conditions that predispose to postoperative haze in certain corneas after primary surface ablation surgery [73, 74] . To date, there is no established ablation depth above which the risk of haze is eliminated. Depending on ablation depth, protocols for the prophylactic use of MMC during primary myopic ASA have been suggested [72] . Depths of ablation beyond 50-75 lm and corrections exceeding -4.0 or -6.0 diopters (D) are generally considered useful cutoffs [9, 72] . On the other hand, there is practically no controlled evidence on the preoperative use of MMC in hyperopic surface ablations. However, it may be advisable to use MMC even with low hyperopic corrections because postoperative haze seems to be more common after hyperopic than myopic treatments [72] .
Despite the available published evidence and cumulated clinical experience after many years of MMC administration for the prevention and treatment of corneal haze, one should remember that just like in glaucoma surgery, the use of this agent remains ''off-label'' for corneal refractive surgery. Obviously, this should be clearly communicated to patients.
The dosing of prophylactic MMC application continues to be a topic of debate in refractive surgery [36, 65, 72] . Larger doses and longer application times increase the risk of adverse effects when performing surface ablations. Although more evidence is needed to precisely document the efficacy of lower concentrations, nowadays MMC 0.02% applied with a soaked cellulose sponge intraoperatively over the central ablated corneal stroma for a period between 12 s and 1 min, followed by thorough irrigation with balanced salt solution, seems to be the most effective and safe option for ASA treatments [36] . On the other hand, the efficacy of MMC as a haze-preventing agent may be influenced by factors other than concentration and exposure time, such as technique variations in epithelium removal, characteristics of the sponge, etc. Using corneal shields of fixed dimensions and properties has been suggested as a novel approach that could help standardize and improve the intraoperative delivery of MMC [75] .
SAFETY AND TOLERABILITY
As the main therapeutic effect of MMC is the prevention of cell replication, it is reasonable to assume that adverse effects of this drug could target layers of the cornea composed of cells with higher mitotic rates, such as the epithelium and the stroma. At least in principle, permanent depletion of stromal keratocytes could lead to biomechanical corneal instability. This risk, however, is not supported by controlled evidence. Some experimental studies have documented a small decrease in the number of stromal keratocytes following MMC application over a short follow-up period [60, 70] . Although one study with longer follow-up did not observe increased loss of keratocytes in the anterior stroma [60] , others have documented a delay in keratocyte repopulation in the anterior stroma, which may take 6-12 months to recover its original cell density [66, 67, 76] . However, it has been suggested that keratocytes arrested by MMC may still maintain their self-repairing capabilities as well as continue to contribute to crucial aspects of wound healing such as migration and stimulation of intact keratocytes located in deeper layers of the stroma [54, 66] .
The fact that prophylactic MMC treatment in refractive procedures does not deplete the functional reserves of keratocytes is corroborated by reports on the development of late haze after uneventful surface ablation with prophylactic MMC [77] , and the fact that ectasia has yet to be reported after MMC-augmented surface ablation.
As epithelial cells have a rapid turnover rate, one could expect that these cells would be particularly vulnerable to MMC. Using an in vitro human cornea model in which MMC 0.02% was applied for 1 or 2 min during myopic PRK, Rajan et al. documented that 4 weeks after the procedure, compared to the control group, MMC-treated corneas had poorly differentiated and thinner epithelial cells that exhibited a slower migration speed with a consequent delay on wound closure [60] . In a large retrospective study, Kremer et al. [78] observed that 3.5% of myopes treated with PRK and MMC (0.02% for 20 s) had a significant epithelial healing delay. In this study, however, the postoperative use of dexamethasone and diclofenac eye drops may have influenced epithelial regeneration [78] . Besides, a 6-month randomized trial showed that the prophylactic use of MMC (0.02% for 15 s) in patients undergoing PRK for mild myopia (spherical equivalent -0.75 to -3.87 D) does not induce any appreciable changes in tear film index, total higher order aberrations, or haze compared to the placebotreated contralateral eyes [79] . Although most clinical studies with short duration of MMC application during ASA suggest the lack of significant epithelial toxicity [36] , it seems prudent to be cautious with exposure time as well as avoid the contact of the drug with the intact epithelium surrounding the treatment area and the limbal zone.
Animal experiments have shown that MMCrelated endothelial toxicity can indeed occur [80, 81] . In an experimental study, intact goat globes exposed to MMC in a manner similar to refractive surgery have revealed histopathological evidence of endothelial damage such as DNA cross-linking and apoptosis [80] . In a rabbit model, Chang et al. observed dose-dependent corneal edema after MMC use as a result of a decrease in endothelial cell population [81] . It should be noted, however, that there are important differences across species in endothelial physiology: contrary to human corneal endothelial cells, rabbit endothelial cells have a high mitotic rate [81] . In humans, in vitro direct application of 200 lg/mL of MMC on endothelial cells induces corneal edema whereas exposure to 20 lg/mL of MMC causes no apparent ultrastructural changes [82] . MMC topically applied to human corneas has been shown to penetrate across all corneal layers but the ultimate aqueous humor concentration after routine application in refractive surgery is far lower than the levels considered harmful [55, 57] . Importantly, the majority of human clinical studies exploring the endothelial adverse effects of MMC after refractive surgery have reported no endothelial changes at all [36, 65] , but three prospective studies detected endothelial cell changes after topical MMC application in ASA [83] [84] [85] . Of these studies, the two with the bigger sample size found either a minimal decrease in endothelial cell density (0.47%) [84] or an increase in the standard deviation of cell size and coefficient of variation (but not in endothelial cell density or cell size) [85] . Besides the case report of visually debilitating corneal edema developing after therapeutic application of MMC for the treatment of post-ablation haze in a patient who underwent phototherapeutic keratectomy and used 14 drops of the drug (0.02%) over a period of 6 days [86] , no human studies have reported sight-threatening complications such as endothelial decompensation [65] . However, the precise long-term effects of MMC on the corneal endothelial physiology need to be further elucidated. The potential effects of MMC in the juxtacanalicular tissue and the endothelial cells of Schlemm's canal also warrant investigation.
In animals, contrary to what has been observed when MMC is applied trans-sclerally [87] , there is no microscopic or functional change in the ciliary body when the drug is applied over the ablated corneal stroma [88] . Data for the potential effect of MMC in human ciliary bodies when the compound is used in ablated corneas are currently not available. The likelihood of systemic toxicity due to absorption in the bloodstream of MMC topically applied during ASA seems almost non-existent [64] .
Corneal shields with fixed dimensions and properties may be useful in delivering a constant dose of MMC confined at the central part of the cornea [75] . Such shields, in addition to standardizing the dose of medication, would reduce the risk of adverse events due to exposure of limbal stem cells to the drug [75] . Besides MMC, novel investigational approaches on the modulation of wound healing are underway and may further improve the safety and efficacy of corneal refractive surgery [30, 32, 89] .
REGULATORY ISSUES
As already mentioned, despite the wealth of supporting controlled evidence for the value of the adjunctive use of MMC in ophthalmic surgical procedures, its use is still considered ''offlabel''. Although the existing published literature has convincingly demonstrated the safety and efficacy of the compound when used as discussed in previous sections for ASA, clinicians should be aware of the possibility of medicolegal or reimbursement issues with its use. Therefore the importance of obtaining patient's consent for its use should be emphasized.
CONCLUSION
Undoubtedly the application of topical MMC significantly reduces the risk of haze after refractive surface ablation procedures. Nevertheless, the precise dosing and indications for prophylactic MMC application continue to be a topic of debate. Cumulative evidence suggests that with current surface ablation techniques 0.02% MMC should be an optimal concentration for treating moderate to high myopia (i.e., corrections beyond -4.0 D or depth of ablation more than 50 lm). More data are needed to analyze the value and clinical usefulness of weaker concentrations (e.g., 0.002% or 0.01%) and the role of prophylactic MMC in retreatments. Today there is insufficient evidence for the optimal duration of MMC application, but current clinical practice is to apply the drug for 12-60 s. It is worthwhile noting that there is a general tendency in most refractive centers to shorten the duration of MMC application.
Available evidence supports the concept that the intraoperative corneal application of 0.02% MMC in refractive surgery has not been linked to significant and clinically relevant corneal toxicity. However, more in-depth investigation is needed to better document the long-term impact of MMC on stromal cell populations and its effect on corneal biomechanical and refractive stability. 
